New recycling alternative for multilayer films was successfully presented. Food packaging formed from different materials is difficult to recycle. The use of aluminum, glass, paper, paints, varnishes, and other materials in the rolling processes from plastic packaging is intended to optimize the efficiency of packaging. Nevertheless, these materials prevent the recycling of packaging because they become contaminants to the recycling process. Food multilayered packaging containing poly (ethylene terephthalate) PET, poly (ethylene) PE and aluminum was used as filler in the preparation of composites with post-consumer high density polyethylene matrix. Composites containing up to 50 wt% of filler were feasible to prepare, allowing the obtention of a material with varied mechanical and thermal properties. This feature allows the preparation of composites suitable for specific application. The addition of multilayer matter in the polyethylene matrix provided a material with excellent mechanical properties such as higher tensile impact strength (148 J/m) and elasticity (350 MPa) as compared to pure polyethylene (40 J/m and 450 MPa).
Introduction
The plastic manufacturing industry significantly contributed to developing the How to cite this paper: Favaro, S.L., Pereira, A.G.B., Fernandes, J.R., Baron, O., da Silva, C.T.P., Moisés, M.P. and Radovanovic, E. (2017) Outstanding Impact Resistance of Post-Consumer HDPE/Multilayer Packaging Composites. Materials Sciences and Applications, 8, 15-25. human society in the past decades. The low production cost of polymers, the low density, the mechanical features, among other properties, are the main appealing characteristics to render plastics as engineering materials for uses in many sectors of production e.g. automobile, aviation, electronics, transportation, storage containers, etc. Undoubtedly, the plastic packaging films division is one of the most important branches of polymer industry with product shipment value in 2013 of ca. 12 billion dollars only in USA [1] with continuous growth estimated to reach 20 billion pounds in 2020 [2] .
Flexible multilayer films have revolutionized the food industry by expanding products shelf life, maintaining texture, flavor, and humidity, among other aspects. For this, different properties are required, including barrier to water vapor, gas, flavor, light, as well as flexibility or stiffness. These properties are hardly ever obtained using only one polymer. While one polymer can be advantageous for having mechanical resistance, it can be extremely inconvenient in relation to other properties, such as transparency and permeability [3] [4] . Thus, the food packaging industry needs to develop multilayer films, with specific chemical, physical and mechanical properties, containing different polymers either by lamination or co-extrusion [5] .
In spite of the advantages achieved with the use of multilayer films, the recycling of such a kind of material is very difficult. The separation and classification processes of these films are arduous due to the polymers similarity: e.g. density and visual aspects. Multilayer films are composed of polymers incompatible for extrusion recycling [6] [7] [8] [9] . Film containing poly (ethylene terephthalate) (PET) is an interesting example. The extrusion of PET requires higher temperatures than that used for the extrusion of other polymers, such as polyethylene (PE) and polypropylene (PP). As a result, these films are gathered in the factory or turned into waste. Although, the energy recovery through incineration of post-consumer wrapping is not recognized as the most interesting process due to the release of green house gases and other pollutants, it is the only available alternative for dealing with multilayer packing wastes nowadays.
The continuous world population growth increases the demands of multilayer packaging, and with the estimated 9 billion people in 2050, packaging wastes have become a great environmental concern [1] . Therefore, there is an urge to develop alternative methods for recycling such kind of material. The preparation of composite materials has become very attractive in the mechanical recycling of plastic wastes [10] [11] . This approach may generate materials with specific mechanical properties and also allow the preparation of highly value-added products from plastic wastes [12] The components were mixed in a monoscrew extruder (Wortex WE X30, Brazil) using screw L/D = 32. The cylinder temperature was adjusted to 120˚C (feeding zone), 130˚C, 150˚C, 180˚C and 185˚C (outing zone) for the five heating zones and an average rotation of 102 rpm was used for all formulations.
The extruded material was water-cooled down to room temperature and then, ground into pellets in a mill (Primotécnica Model PGS 50, Series PGS 1/1, Brazil).
Injection
The samples for mechanical tests were obtained by injection molding (ARBURG, 
Characterization Techniques

Izod Impact Testing
The notched Izod impact strength tests were performed according to ASTM D 256-00 A at room temperature in an EMIC-Al testing machine using a 2.7 J hammer. The values obtained are averaged measurements of five samples.
Water Uptake
Water uptake measurements were based on ASTM D570-98, with immersion time of 3 weeks at 25˚C (±2˚C).
Thermogravimetric Analysis (TG)
TG was performed on 6 mg sample pieces placed into platinum pans (Shimadzu TGA-50), heated at 10˚C/min under flowing nitrogen (20 mL/min).
Tensile Testing
Tensile strength and modulus assays were performed according to the ASTM D-638. The samples were submitted to tensile tests in an EMIC DL 2000 machine at a constant cross-speed of 50 mm/min. Tensile properties were deter-mined for eight samples of each composition.
Flexural Testing
Flexural strength and modulus were determined using the three-point bending test method following the ASTMD-790-00, using 63 mm span in a 5 kN load.
Scanning Electron Microscopy (SEM)
Composite images from fractured surface (samples used in the Izod impact testing) were taken using a scanning electron microscope (Shimadzu SS 550 Superscan). The samples were gold-sputtered and observed under different magnifications.
Determination of Multilayer Packaging Composition
1 g of milled multilayer packaging was added in a Becker containing 10 mL of a 2.5 wt% NaOH/acetone solution. The mixture was stirred for 2 h at 200 rpm to complete the film delamination and dissolution of aluminum. The mixture was added to 20 mL of water, and PE (floating) and PET (precipitated) were separated, dried and weighed. Aluminum mass was obtained by mass difference, after obtaining PE and PET composition in the sample, and by gravimetric analysis of 10 g of the multilayer film heated at 600˚C in muffle furnace.
Results and Discussion
The multilayer packaging is composed of a layer of aluminum (8 µm) between a PET printed layer (12 µm) and a layer (41 µm) of a blend (70/30) of linear low-density polyethylene (LLDPE) and low-density polyethylene (LDPE). The packaging was obtained by lamination using an adhesive with two-component solvent-based polyurethane adhesive. The packaging composition was determined after delamination: 19 ± 1 wt% of PET, 47 ± 1 wt% of PE and 34 ± 1 wt% of Al were found.
Scanning Electron Microscopy Characterization
The prepared composites were visually similar to post-consumer high-density polyethylene (PE) presenting high level of homogeneity, smooth surface and greenish color, at naked eyes. However, the color depended on the original multilayer packaging used. At the micro dimension, the composite morphology, the fillers distribution inside the matrix, as well as the adhesion between matrix and filler were evaluated by analyzing the fracture of the test specimen after the tensile test. The SEM images (Figure 1(a) ) show the presence of PET films and aluminum layers in the composite material. During the grinding, extrusion and injection steps, the multilayer film was decomposed into its primary components: PET, PE and aluminum. The melting of PE separated it from the Al. Therefore, for all composites formulation the "multilayer films" were not found in its original state, but rather as PET and aluminum phases. In other words the films were delaminated. However, the adhesion between PET and PE was efficient as observed in Figure 1 Table 1 shows the results for the water uptake assays of PE and composites. Although composites presented small values for water uptake, those values are considerably superior to that for PE (0.032%). This fact is explained by the presence of aluminum oxide that has great affinity with water and polar substances, and in general has a layer of adsorbed water in its surface. The higher water uptake may also be a result of increased porosity of composites generated by the presence of aluminum, and the higher the amount of filler (multilayer packaging), the higher water uptake and the time to reach equilibrium. Figure 2 shows TGA curves obtained for PE and for composites containing 10, 30 and 50 wt% of filler. At the level of 10% weight loss (T10), a small decrease in the thermal stability of composites in relation to PE was observed. The T10 for PE was 452˚C, while for the composites T10 was ca. 440˚C. Another interesting feature obtained from TGA curves is the residual mass after burning. As the amount of multilayer was increased, there was an increase in the amount of inorganic matter (aluminum and aluminum oxide) and therefore the residual mass (ashes) increased gradually, 1%, 6%, 11% and 18%, corresponding to PE, PEmult10, PE-mult30 and PE-mult50, respectively. Considering each TGA run requires ca. 6 mg (only part of the all composite sample) and the ashes obtained at the end of the process increased consistently with increasing the amount of filler, that data suggest homogeneous distribution of the filler inside de matrix.
Water Uptake Characterization
Thermal Characterization
Tensile, Flexural and Impact Strength Characterization
The mechanical properties were assessed through tensile, flexural and impact strength tests. decreased ca. 6% the composite elongation at break. However, opposite behavior was observed for further increasing in the filler amount. The elongation at break for the composite at 50 wt% of filler slightly overcame the value observed for PE (12%). The addition of filler (aluminum and PET) induced higher stiffness to the composite in relation to PE, so for the composite at 10% of filler smaller elongation at break was observed, which shows that at such formulation the features of aluminum and PET predominated. However, for the composites with larger amounts of multilayer, the characteristics of LLDPE and LDPE prevailed over aluminum and PET decreasing the stiffness of the composites. As a consequence of such result, the elastic modulus value (Figure 4 ) presented a small increase for the composite at 10% of multilayer when compared to the pure matrix, and decreased as the multilayer amount was increased. This fact indicates that it is possible to obtain more elastic material by increasing the amount of multilayer in the PE matrix.
For a better understanding of such results one can observe the data on Table 2 [17] [18] , in which different kinds of polyethylene present distinct mechanical Figure 4 . Elastic modulus of PE and PE/multilayer packaging composites. properties. Thus, the small values of strain and elastic modulus as well as the great values for elongation presented by LDPE and LLDPE induced more flexibility to the composites as the filler amount was increased. The orientation of the polymeric chains has a strong effect on the mechanical properties of a polymer. For instance, materials produced from HDPE highly oriented are ca. 10-fold tougher than those materials made from non-oriented polymers, because the orientation increases the chains packing and, as a consequence, improves the stiffness. When compared to HDPE, the LLDPE presents lower tensile strength and stiffness as the degree of branching is increased, but the impact strength and tearing are higher (suitable for film preparation). However, the flexural features
were not affect as much as tensile and impact strength. Therefore, only small variations on the mechanical behavior of composites were observed in the flexural tests as compared to the PE and a small increase in the flexural strength ( Figure 5 ) was observed for the composite at 10% of multilayer, while for other formulations the maximum strain was lower than that for the PE. The flexural modulus ( Figure 5 ) increased for composites at multilayer composition higher than 10%.
The most remarkable finding is related to impact strength observed for the composites, as displayed in Figure 6 . Outstanding improvement in the impact strength was observed for all formulation and this fact was directly related to the amount of filler added. Astonishingly, at as low as 10 wt% of filler the impact strength was ca. twice bigger than that observed for PE (40 J/m) reaching ca. 150
J/m at 50 wt% of filler. The presence of aluminum and PET had synergic effect and acted as a barrier to the fault propagation [18] . The presence of LLDPE and LDPE also contributed to the increase of impact strength behavior as an energy absorber material [19] . Comparing the multilayer/PE composites to another PE composite prepared in our laboratory using three different fillers, sisal fibers [14], rice husk [15] , and sugarcane bagasse [20] , with 10 wt% of filler, the synergistic effect on impact resistance of multilayer film on PE is evident. The composites prepared with biomass fillers presented around 60 J/m of impact strength while PE-mult10 presented 91 J/m, reaching 148 J/m on PE-mult50. Therefore, from the methodology developed is possible to achieve a final composite material with completely different and improved properties from the original PE. For instance, the outstanding impact strength showed by the composites allows it to be employed in situations in which that property is required, for instance as a car bumper, among others.
Conclusions
The addition of multilayer matter in the PE matrix provided a material with excellent mechanical properties such as tensile impact strength and high elasticity. The presence of different components in the multilayer packaging that was the main obstacle preventing its recycling, became the key feature to develop a material with outstanding superior properties than those presented by commercial products. The composites presented low water uptake and high thermal stability. One of the greatest advantages in the preparation of such composites was the possibility to range the formulation PE/filler up to 50% of filler providing final materials with tailored mechanical properties, according to their composition.
The high toughness presented by the developed composite allows its application in the automobile industry, for instance, for bumper production, piece that requires high impact tensile strength as well as in the production of internal parts of vehicles. Besides, the composites could be applied in the civil construction for preparing tile and wall tile, hose and tubes just as domestic gadgets including buckets, bowls, clothes-pin, among others.
